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ABSTRACT 

The software program, OnTheFly, was developed at Idaho National 
Laboratory (INL) to keep high-purity germanium (HPGe) detectors energy 
calibrated during very long experiments. Over time, spectra produced from a 
HPGe detector will slowly stretch or contract, causing the energy calibration to 
change. If the energy calibration changes too much, it will cause energy lines to 
be misidentified. The higher the energy line the more affected they are by this 
change. OnTheFly tracks and adjusts the slowly changing energy calibrations so 
the energy lines will not be misidentified. 

OnTheFly was used with the Fission Product Monitoring System (FPMS) 
during the AGR-5/6/7 irradiation experiment performed at INL’s Advanced Test 
Reactor (ATR). Five HPGe detectors were used to monitor the five capsules in 
AGR-5/6/7. There were also two extra HPGe detectors that were maintained as 
spares. Before each ATR cycle of the experiment, the HPGe detectors were 
energy calibrated with a thorium radioactive source. During each ATR cycle, 
each detector would acquire data for 8 hours and then reset and acquire data for 
another 8 hours. After each 8-hour run, the spectra would be saved and analyzed 
autonomously. The results were then read by OnTheFly and used to produce a 
new energy calibration for each detector. The new energy calibrations were 
compared to the current energy calibrations and, if certain criteria were met, the 
new energy calibration would replace the current energy calibration. The new 
energy calibration would be used for future spectra. OnTheFly was run at least 
every couple of days but could be run as much as after each 8-hour run. 
OnTheFly kept the spectra energy calibrated during the ATR cycles over the 
2 years and 5 months that the AGR-5/6/7 experiment ran. 
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Automated Internal Energy Calibration by OnTheFly 
for AGR-5/6/7 
INTRODUCTION 

In 2006, the US Department of Energy (DOE) embarked on a series of tests of coated-particle reactor 
fuel for the Advanced Gas Reactor (AGR) [1]. Part of this fuel development program was a series of 
seven fuel irradiation tests performed at Idaho National Laboratory’s (INL’s) Advanced Test Reactor 
(ATR). Each of the fuel test experiments incorporated multi-capsule fuel test train inserted into an 
irradiation position in the ATR. The final AGR test combined the last three tests (AGR-5/6/7) into one 
test train. An important aspect of the fuel performance in these irradiation experiments is quantification of 
the fission gas release duration the irradiation. The effluent gas from each of the five capsules was 
independently monitored in near real time and the activity of various fission gas nuclides determined and 
reported. To meet this important test objective (and provide two spares), a set of seven heavily-shielded 
high-purity germanium (HPGe) gamma-ray spectrometers and sodium iodide (NaI) scintillation detector-
based total radiation detectors were used during the AGR-5/6/7 experiment. The collection of the 
radiation measurement systems (including the electronics and data acquisition software) is referred to as 
the Fission Product Monitoring System (FPMS). 

Over the entire AGR series of tests, many ATR cycles lasted over 60 days, and some were over 
99 days. This meant it could be more than 2 to 3 months between calibrations of the HPGe detectors. The 
AGR-5/6/7 experiment ran from February 2018 to July 2020 and even had a cycle last 4 months. 
Calibrations are affected over time by changes in count rate and room temperature [2]. The higher the 
energy line in the spectrum the larger the shift. One of the isotopes of interest was 88Kr with an energy 
line of 2,392 keV. This energy line was usually the indicator that energy calibration had shifted too far. 
This peak was the first to be misidentified. For the experiments AGR-1, AGR-2, and AGR-3/4, a pulser 
was used to track the variation in the energy calibration [3]. This method was found to be inadequate and 
reanalysis of many spectra was necessary. 

It was determined that energy calibrating the spectra during the ATR cycles was needed. An energy 
calibration can be calculated using known energy lines in a spectrum. This ‘internal’ energy calibration 
was desirable [2] because it allow the spectra to be calibrated without interrupting the measurements. The 
new energy calibrations were used for the next 8-hour measurement. This process was automated by the 
development of the computer program, OnTheFly. 

DATA ACQUISITION AND ANALYSIS 
As K. Debertin and R.G. Helmer explain in their book [2], for typical experiments using an HPGe 

detector, an energy calibration spectrum is taken before the experiment begins and the resulting 
calibration is applied to the spectra taken during the experiment. The energy calibration may change with 
time, count rate, and room temperature. During the AGR cycles all of these were a factor. The cycles can 
last over 3 months, the count rates increased, and the room’s temperature was not regulated. Additionally, 
the higher in the energy spectrum, the more shift in HPGe detector energy calibrations. In all the AGR 
experiments, the detectors looked at an energy range up to 3,000 keV. So, it was essential to use an 
internal calibration method to keep the energy calibration for each detector accurate throughout each 
cycle. 

The first internal calibration method used during AGR-1, AGR-2, and AGR-3/4 was the pulser 
method. The pulser method enlisted two pulsers. The low pulser was set in the lower region of the 
spectrum, about channel 720, and the higher pulser was set to about channel 7200. The energy equivalents 
for the pulsers were about 261 keV and 2,614 keV. The pulser electronics shift the pulsers to above the 
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energy range of interest in the spectrum. The position of the pulser peaks during each run were used to 
update the values of the energy calibration parameters [3,4]. 

The large amount of data produced during the AGR experiments require automated analysis. During 
the AGR experiments there were up to twenty-one HPGe detectors collecting isotopic data and, at the 
same time, an equal number of NaI detectors were collecting gross gamma count rates. Each of the HPGe 
detector’s spectrum was saved every hour. Every 8 hours the spectrum was reset. This produced 
24 spectra per detector per day. The AGR-2 and AGR-3/4 experiments ran concurrently for almost two 
years. During that time a total of 504 spectra per day were produced. Each spectrum had 20 isotopes of 
interest, with some having multiple energy lines per isotope, needing to be analyzed. It would be a huge 
waste of resources for a spectroscopist to analyze each individual spectrum. So, the analysis was 
automated using Personal Computer Gamma Analysis Package (PCGAP) [4]. Although PCGAP is a suite 
of computer programs, in this paper PCGAP will be used when referring to any of the suite. PCGAP 
analysis produces a LIS file which contains both the analysis of individual energy lines and the resulting 
calculated activity of each isotope of interest. 

A sample of an LIS file from AGR-3/4 detector GA taken on September 23, 2013 at 03:55 
(GA1309240300.LIS) is shown in Appendix A. Three analysis libraries are used with PCGAP: nuclide, 
interference, and required. The nuclide library tells PCGAP which isotopes and their energy lines to 
analyze and reports the amount of activity measured. An energy line is commonly referred to as a peak. 
The interference library lists any isotope with a peak from the nuclide library that interferes with another 
isotope’s peak. The required library is a list of peaks. These peaks, in general, correspond to the isotopes 
in the nuclide library. The required library forces PCGAP to fit a peak at the location of the peak listed in 
the library. Each LIS file is divided into three sections: header, peaks fit, and isotopic summary. The 
peaks fit section shows all the peaks that were fit, including the peaks found by PCGAP’s algorithms and 
the required peaks from the required library. When a peak is fit, it can also be identified or tagged if the 
peak’s energy corresponds to an isotope listed in the nuclide library. The analysis of the spectrum, shown 
in Appendix A, misidentifies the 2392.14 keV peak of Kr-88. The energy calibration is far enough off 
(>1 keV) that PCGAP thinks the peak is located at channel 6587.47 (shown in red), but it actually is at 
6590.59 (shown in green). Since the 2392.14 keV peak is the primary peak of Kr-88, the misidentification 
results in an incorrect activity calculation shown in the isotope summary of Kr-88. The misidentified peak 
is also shown in red in the summary section. 

To monitor the automated PCGAP analysis, data for each isotope was extracted from the LIS files, 
concatenated, and plotted using OriginPro. The data extracted for each isotope includes its activity and its 
primary peak’s centroid channel, primary peak’s centroid energy, calculated by the detector’s slot file 
energy calibration, and the primary peak’s gamma rays detected per second, referred to as counts per 
second (CPS). Figure 1 shows the data plotted from AGR3, Cycle 154B, detector GA’s data of the 
isotope Kr-88. All the plots are over time and combined on one display for an easy visual. The upper left 
plot of Figure 1 is Kr-88’s primary peak’s centroid channel, the upper right plot is the calculated centroid 
energy, and the bottom plot is both Kr-88’s activity and the primary peak’s CPS. The activities of the 
isotopes of interest were extracted from the isotope summary of the LIS file. The CPS for the isotope’s 
primary peak was extracted from the peak fit section using a looser criterion than PCGAP. The extraction 
software looked for the largest peak within 1.5 keV of the isotope’s peak. PCGAP tags a peak that is 
within 1 keV of an isotope’s peak. The oval and thick square in Figure 1 highlight the region where 
PCGAP misidentified the peak 2392.1 keV. The black filled circles (activity) drop to near zero because 
the wrong peak is identified. The thick square in the upper right plot shows were the actual primary 
peak’s centroid drifts to greater than 1 keV from its actual value. 
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Figure 1. Kr-88 real-time analysis for AGR3, Cycle 154B, detector GA. 

PCGAP online analysis of isotope Kr-88 with no internal energy calibration (OnTheFly was not 
used). The data ploted over time are centroid channel (upper left), centroid energy (upper right) and 
activity and the 2392 keV peak’s gamma rays detectored per second (bottom). The oval highlights the 
data where the peak 2,392.1 keV is missidentified, resulting in a miscalculation of the Kr-88 activity. The 
square highlights the corresponding data in the peak-energy tracking plot. 

One can tell by a quick glance at Figure 1 something is wrong with the data analysis of Kr-88’s 
activity. This type of display was produced for all 20 isotopes of interest for each of the detectors 
collecting data making it much simpler to identify any problems that might have occurred. The data 
displayed in Figure 1 was collected while the pulser method was active, but for some reason the analysis 
did not correct the energy calibration to adjust for the shifting. 

Once it was discovered that the primary peak of an isotope was misidentified for a certain amount of 
time during a cycle, the data was to be reanalyzed offline. A new energy calibration was calculated and 
used for the spectra during this timeframe. Then the data was reanalyzed to get the correct isotope 
activities. This was an arduous process leading to the use of the internal energy calibration method instead 
of the pulser method to keep the calibrations accurate. Once implemented, the pulser electronics were 
disconnected. Periodically a pulser would fail and using the internal energy calibration method simplified 
the setup and eliminated the need for repairs. 
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ONTHEFLY SOFTWARE 
OnTheFly adjusts a HPGe detector’s spectrums energy calibration to keep it accurate during long 

measurements. OnTheFly is used for repetitive measurements where the spectrum is reset periodically. 
The AGR measurements meet this criterion. HPGe detectors make 8-hour measurements and then reset. 
OnTheFly uses ‘internal’ peaks in the spectrum to energy calibrate the spectrum. The resulting calculated 
energy calibration is then tested against the current energy calibration and is either accepted or rejected. If 
accepted, the new calibration is stored and used for the next and future measurements. OnTheFly uses a 
setup file with many variables that can be adjusted to make the software flexible. Appendix C shows the 
OnTheFly setup file from Cycle 168A. As OnTheFly is described below, one detector will be used in the 
description, but this pertains to all the detectors used in AGR-5/6/7. 

Assumptions 
For OnTheFly to keep the energy calibration of a detector’s spectrum accurate, the following items 

must be met: 

• Accurate energy calibration at the start of the cycle 

Prior to the start of an AGR-5/6/7 cycle, each HPGe detector was energy calibrated using a Th-228 
source. The energy calibration was calculated using PCGAP and stored in the detector’s slot file. 
There is a different slot file for each detector on the system. When an 8-hour data acquisition period is 
complete, the FPMS reads the slot file for a particular detector, inserts the energy calibration into the 
spectrum, and saves it. 

• During the cycle at least three peaks are present 

OnTheFly uses ‘internal’ peaks that are present and expected in the spectrum. An individual peak 
should be free from interference from other peaks as much as possible. OnTheFly requires at least 
three peaks chosen across the spectrum. One peak is required in the upper energy range of the 
spectrum greater than 1,300 keV. 

• Known internal peak’s area will be adequate 

Each internal peak’s area at the end of a cycle must be large enough to result in an accurate fit. Each 
individual internal peak’s minimum area is defined in the setup file. This minimum is referred to as 
the peak’s area lower limit (Peak_Area_LL) as shown in Appendix C. If an individual internal peak’s 
Peak_Area_LL is not defined the default area lower limit (Default_Area_Lower_Limits) is used. 

• Energy calibration gradually shifts 

The detectors energy calibration will only shift gradually over time. OnTheFly does not automatically 
energy calibrate a spectrum with no previous knowledge. The change in the energy calibration from 
the previous energy calibration to the newly calculated energy calibration must be small. 

AGR-5/6/7 Data Acquisition Steps 
The following are the steps in the AGR-5/6/7 data collection including internal energy calibration 

correction. 

1. FPMS collects 8-hour spectra and saves them using the energy calibration from each detector’s slot 
file. 

2. Automatic PCGAP analysis produces LIS files. 

3. Executing OnTheFly produces new detector slot files (containing new energy calibrations). 
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4. New detector slot files replaces slot files on data acquisition computer. 

5. Repeat. 

OnTheFly Process 
Internal Calibration Peaks 

Once the data is collected, saved, and analyzed, an LIS file is produced and OnTheFly is executed 
manually. Before OnTheFly is executed for the first time the internal calibration peaks must be selected. 
Since AGR-5/6/7 was preceded by three other AGR experiments certain peaks were expected. If previous 
knowledge is not known, one can wait until the first few spectra are produced and then use those spectra 
to select which peaks to use. The selected peaks for AGR-5/6/7 and their corresponding isotopes are: 
80.99 keV (Xe133), 151.18 keV (Kr85M), 249.79 keV (Xe135), 258.45 keV (Xe138), 402.64 keV 
(Kr87), 455.46 keV (Xe137), 462.80 keV (Cs138), 526.56 keV (Xe135M), 586.00 keV (Kr89), 661.66 
keV (Cs137), 898.06 keV (Rb88), 1009.78 keV (Cs138), 1141.40 keV (Kr88), 1369.42 keV (Kr88), 
1435.86 keV (Cs138), 1529.77 keV (Kr88), 1836.08 keV (Rb88), 2195.80 keV (Kr88), 2218.00 keV 
(Cs138), 2392.10 keV (Kr88), 2639.59 keV (Cs138). As stated previously, when selecting a peak, it 
should be free from interference from other peaks as much as possible. Twenty peaks were selected, 
distributed across the entire spectrum, and consisted of peaks from isotopes with short and long half-lives. 
It was important to not just have short-lived isotope peaks because when the reactor is shut down, they 
would disappear quickly. On the other hand, having more peaks distributed across the spectrum results is 
a better fit. The selected peaks are recorded in the setup file noted by their keV energies. Appendix C 
shows the sample setup file labeled Calibration_Peaks: that the peaks follow. The line above are the 
isotopes associated with each peak, this is just for clarity and is ignored by OnTheFly. Any line in the 
setup file with no colon is ignored by OnTheFly. 

Internal Calibration Peak Acceptance Criteria 
One of the first things OnTheFly does is read and process the latest LIS file. OnTheFly builds a 

tracked-peak list consisting of channel and energy line pairs. OnTheFly scans the peak fits section of the 
LIS file for each internal calibration peak. If the LIS peak is within a certain ± keV range of the internal 
calibration peak, its centroid channel and the internal calibration peak energy is added to the list. The keV 
acceptance range is varied linearly with a ± 1.0 keV range at channel 150 up to a ± 3.5 keV range at 
channel 6,600. This change is acceptance range is because the spectrum shift increases with increasing 
energy. If more than one LIS peak falls within the acceptable range of the same internal calibration peak, 
all but one peak is eliminated. The duplicate peaks are compared against each other, evaluating their fit, 
area, and area uncertainty. The peak which beats the other peak in two of the three criterium is accepted 
and the other peak is eliminated. 

After the elimination of duplicate peaks, the remaining peaks on the tracked-peak list are evaluated 
against limits for their values of chi-square, area, and area uncertainty. These limit values may be defined 
in the setup file. If these values are not defined in the setup file, there are built in default values in 
OnTheFly, which are shown in Table 1. 

Table 1. Program default values for peak acceptance – These default values are used if they are not 
addressed in the setup file. 

Variable Default Limit Requirement 

Peak Area Lower Limit 2,000 counts Minimum 

Peak Area Uncertainty 
Upper Limit 10% Maximum 

Chi-square Upper Limit 20 Maximum 
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Alternative default limits may be defined in the setup file for all three variables. Additionally, 

individual limit values may be assigned for each internal calibration peak for each detector for the limit 
variables Peak Area Lower Limit and Chi-square Upper Limit. This makes the program very versatile. 

After the internal peaks that do not meet the limits are eliminated, if there are less than three peaks 
left, calculating a new energy calibration is impossible and no changes are made. Additionally, one of the 
internal peaks is required to be in the upper energy range of the spectrum greater than 1,300 keV. If no 
peak is greater than 1,300 keV no change is made to the energy calibration. 

During AGR-5/6/7 there were occasions when count rates would become large enough to distort 
certain lower energy peaks (< 260 keV). This distortion would cause the peak fits to result in very large 
chi-square values (100 to 300). Although the chi-square values were large, the resulting peak fits were 
quite reasonable and acceptable. So these peaks would not be eliminated, a High-Count Rate Chi-square 
Upper Limit variable was introduced which is defined in the setup file. When a tracked-peak’s energy line 
is less than 260 keV and its area is greater than 2 million, the Chi-square Upper Limit is changed to the 
High-Count Rate Chi-square Upper Limit (330). 

Least-Squares Fit of a Quadratic Curve 
Once the tracked-peak list of channel numbers and their corresponding internal energy lines are built, 

OnTheFly performs a least-squares fit of a quadratic curve to the list of pairs and produces new energy 
calibration coefficients. Appendix E shows the routine from OnTheFly to perform the least-squares fit. 

New Energy Calibration Acceptance Criteria 
One of the requirements of the new energy calibration is it not being drastically different than the 

current energy calibration. To determine this, the current and the new calibrations are compared. 
Comparing the new calculated energy calibration and the existing energy calibration, the values in 
Table 2 are used to determine if the new calibration is within acceptable limits. Both calibrations are used 
to calculate an energy at each Check Channel. If any of the resulting values at each Check are more than 
the Absolute Difference Limit apart, the new energy calibration is rejected. It was found that using a 
universal limit across the entire spectrum gave dubious results. As stated before, the energy calibration of 
a spectrum shifts more over time the higher one goes in the spectrum. 

Table 2. Checking energy calibration change – These values are used to determine if the new energy 
calibration has changed only slightly from the previous energy calibration or drastically. 

Check 1 2 3 

Check Channel 150 3,000 6,580 

Absolute 
Difference Limit 1.0 keV 1.31 keV 2.1 keV 

 

Updating Energy Calibration 
OnTheFly was written to not interfere with the normal operation of FPMS and the data collection of 

AGR-5/6/7. Additionally, to preserve the original data, no spectrum is overwritten. Therefore, to modify 
the energy calibration of a spectrum with the newly calculated energy calibration, the detector’s slot files 
are used. Once the new energy calibration is tested and accepted, a slot file is produced for the detector 
containing the new energy calibration. This slot file is then copied to where these files are kept. When the 
next 8-hour spectrum has been collected, the FPMS reads the detector’s slot file containing the new 
energy calibration and saves the spectrum with the new energy calibration. The spectrum is automatically 
analyzed and a LIS file is produced. OnTheFly is executed and the entire process starts over again. 



 

7 

OFFLINE ONTHEFLY 
OnTheFly has two modes, online and offline. The online mode is described above. The offline mode 

simulates the online mode and is meant to be used on data that was previously collected. This allows 
previous AGR experiments to be reanalyzed if drifting occurred and isotopes were misidentified. The data 
shown in Figure 1 is from AGR-3. When OnTheFly is executed on a regular basis during an experiment 
the adjustments to the energy calibration of each detector should prevent any misidentification of peaks. 

Table 3 shows several differences between the online and offline modes for OnTheFly. In addition to 
these differences, after OnTheFly is executed in offline mode a new analysis must be performed on all the 
new DGE that were produced. The new data is displayed similar to Figure 1. These plots are then 
examined to see if the misidentification of a peak was corrected. Most likely the new energy calibrations 
fix the problem, but if not, OnTheFly can be executed again using the new DGE files as the original data 
files and the new LIS files as the analysis files. 

Table 3. Difference between online and offline modes – This table highlights the differences between the 
two modes. 

Item Online Offline 
First read of current 
energy calibration 

From the detector’s slot file From “First_pass” folder 
containing detector’s slot file, 
stores pre-Cycle calibration 

Data files (DGE) Latest DGE written Next DGE file in DGE folder 

Analysis (LIS) Performed immediately after 
end of each 8-hour data 
collection 

All performed during actual 
cycle, LIS files all stored in a 
folder to be read 

Modified DGE files Not modified, only slot files 
are modified 

When new energy calibration is 
accepted, it is embedded in the 
DGE file and written to a special 
folder. Original DGE file is not 
modified. 

 

RESULTS AND SUMMARY 
To demonstrate how OnTheFly corrects the misidentification of peaks resulting in incorrect activities 

for isotopes data from AGR3 Cycle 154B, as shown in Figure 1, was run through OnTheFly in offline 
mode. The resulting DGE files with new energy calibrations were reanalyzed using PCGAP. The results 
are shown in Figure 2. The oval and thick square highlight the same regions that were highlighted in 
Figure 1. As shown in Figure 2, the black filled circles (Activity) are no longer near zero due to peak 
misidentification. The thick square in the upper right plot shows that now the centroid drifts much less. 
Note the upper left plot, which shows the centroid channel of the peak, does not change because the 
centroid channel is not affected by changing the energy calibration. 
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Figure 2. AGR3 experiment, Cycle 154B, detector GA, PCGAP analysis of isotope Kr-88 after internal 
energy calibration is used (OnTheFly was used to adjust the energy calibration). The oval highlights the 
data where the energy line 2,392.1 keV is now identified correctly, resulting in the correct calculation of 
the Kr-88 activity. The square highlights the corresponding data in the peak energy tracking plot. 

The software program, OnTheFly, was developed at INL to keep high-purity germanium (HPGe) 
detectors energy calibrated during long experiments. The program was successfully used with the FPMS 
during the AGR-5/6/7 irradiation experiment. The OnTheFly program ran at least every couple of days. 
The OnTheFly program kept the spectra energy calibrated during the ATR cycles over the 2 years and 5 
months that the AGR-5/6/7 experiment was irradiated. 
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Appendix A 
Sample of GA1309240300.LIS (real-time analysis) 

LIS file header: 

 
LIS peaks fit: 
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LIS Isotope Summary: 
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Appendix B 
GA1309240300.LIS (after OnTheFly) 

LIS file header: 

 
LIS peaks fit: 
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LIS Isotope Summary: 
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Appendix C 
OnTheFly Cycle 168A Setup File 
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Appendix D 
Sample Spectrum GA1309240300.DGE 
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Appendix E 
Least-Squares Fit of a Quadratic Curve 
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